Introduction
Technologies related to superhydrophobic and superoleophobic treatments have recently attracted considerable attention in the textile industry due to their potential applications in medical devices as well as industrial materials. A surface whose water contact angle exceds150° is called a superhydrophobic surface, and we define a surface with an oil contact angle of over 150° as a superoleophobic surface. Since the wettability of a solid surface is determined by two parameters, the chemical composition and the geometrical structure of a rough surface, the combination of these two factors are often used to design superhydrophobic and superoleophobic textiles. More specifically researchers employ two predominant rough surface wetting models, the Wenzel model and the Cassie-Baxter model compared to the wetting behaviour of a smooth surface to predict the requirements for imparting a fabric with superhydrophobic and superoleophobic character. However, not all surfaces having high contact angles to liquids possess low roll-off angles. Rather, roll-off angles are highly dependent on the mass and density of the droplet, the surface tensions of both the liquid and the surface the droplet is sitting atop of, and the geometrical morphology and degree of roughness of that surface. Typically, unless a surface possesses a very low surface tension that is approximately one forth the surface tension of the liquid, droplets of less than 50 µL are not mobile when the surface is tilted. In this chapter, the relationships amongst contact angles, surface tension, and surface roughness are reviewed; the wetting behaviour of a rough surface is compared with that of a smooth surface; the relationships between contact angle hysteresis and roll-off angles are analysed, and finally superhydrophobic, superoleophobic woven fabric is designed and developed using chemical and geometrical surface modifications.
Design and preparation of superhydrophobic superoleophobic woven fabric
Although it is hard to measure the surface tension of a solid directly, it is easy to measure the contact angles of liquid droplets sitting atop its surface (Fig. 1) . By obtaining the contact angle data for liquids with varying surface tensions and inserting the data into select equations predictions of a surface's wetting characteristics to other liquids can be obtained. 
where is the surface tension; and SV, SL, and LV are the solid-vapour, the solid-liquid, and the liquid-vapour interfaces, respectively (Fig. 2) . According to Young's equation, the contact angle is a well-defined property that depends on the surface tension coefficients that exist between the solid−liquid and the liquid−gas interface.
Fig. 2. A drop on a flat surface
The right hand side of equation (1) 
Combining equation (3), (4), (6) and (7) gives: (1 cosθ )
Since the surface tensions of dodecane and most polymeric surfaces are determined by London dispersion forces, this equation can be simplified to:
An oil, such as dodecane has a very low surface tension, ~24.5 dyne/cm. Substituting L = 24.5 dyne/cm for dodecane into Eq. 9 suggests S must be smaller than 6.3 dyne/cm, and a smooth surface having SV ≤ 6.3 dyne/cm is oleophobic (θ e > 90º) under these conditions. The Young equation and Dupre-Young equation are valid only for the wetting of smooth surfaces, but real solids are not perfectly flat and surface structure greatly effects wettability, e.g. when a rough surface of a solid is very hydrophobic, liquid droplets are in contact with the upper part of a rough surface and the lower part is filled with air. In order to design a superhydrophobic superoleophobic surface, two predominant rough wetting models are used: the Wenzel model and the Cassie-Baxter model. In the Wenzel model a liquid fills the grooves of a rough surface and completely wets the surface, whilst in the Cassie-Baxter model, a liquid sits on top of the surface and repels the liquid. To create a Cassie-Baxter surface, the Young contact angle of a liquid, θ e , must be greater than 90º as shown in Fig. 3 . Fig. 3 . A drop on a rough surface In Wenzel's approach the liquid fills the grooves on the rough surface, and the liquid contact angle on a rough surface, θ r W , can be described as:
where r is roughness -the ratio of the total wet area of a rough surface to the apparent surface area in contact with the water droplet (r > 1). According to equation (10) 
where f 1 is the surface area of the liquid in contact with the solid divided by the projected area, and f 2 is the surface area of the liquid in contact with air trapped in the pores of the rough surface divided by the projected area. When there is no trapped air, f 1 is the same with r in the Wenzel model. In the Cassie-Baxter model, the smooth surface can become more hydrophobic or oleophobic by surface roughening, regardless of θ e . However, in the Wenzel model, θ e has to be greater than 90º in order for a smooth surface to be more hydrophobic or oleophobic after roughening. This statement reinforces the concept of the metastable Cassie-Baxter model, i.e. a surface having θ e < 90º with a liquid, when roughened, will immediately wet (Wenzel behaviour) or the liquid will sit on top of the surface due to air pockets inside the grooves which result in a local minimum in the surface energy (meta-stable Cassie-Baxter behaviour). In addition, since the surface tension of an oil such as dodecane is lower than that of water ( = 72.8 dyne/cm), the θ r CB of water is higher than θ r CB of oil. Hence, according to equations (10) and (11), all superoleophobic surfaces should be superhydrophobic, but not all superhydrophobic surfaces exhibit superoleophobicity.
Preparation of superhydrophobic and superoleophobic woven fabric
Superhydrophobicity has gained a great deal of interest and has been studied extensively since one of the most-prized features of superhydrophobic surfaces is their ability to selfclean -that is the ability of water to collect and remove dirt and debris as the water droplet rolls off of the surface. The roll-off angle of a droplet, , on a smooth surface can be described as:
where m is the mass of the droplet, g is the gravitational acceleration, R w is the radius of the wetting area, θ A is the advancing contact angle, and θ R is the receding contact angle. Meanwhile, contact angle hysteresis, Δθ H , is defined as the difference between advancing and receding contact angles, i.e. Δθ H = θ A -θ R . The gain factor, which is often used to understand the relationship between contact angle hystereses and roll-off angle, is considered as the rate of variation of the contact angle hysteresis at any operating point. The radius of the wetting area, R w , on a surface is:
Based on equation (13), the radius of the wetting area can be predicted as shown in Table 1 . The gain factor, which is the change in cosθ r W relative in cosθ e (i.e. the derivative of cosθ r W with respect to cosθ e ) is very useful since it separates the idea of the equilibrium contact angle increase occurring by surface topography from the observed contact angle. Using the Wenzel equation we can obtain the Wenzel gain factor as follows:
Since the effect of roughness is proportional to the radian contact angle changes, the Wenzel gain factor is approximately unity when a contact angle θ e is close to 90°, but the Wenzel gain factor rapidly increases as the roughness factor increases. Likewise, Cassie-Baxter equation gives a change in the Cassie-Baxter contact angle, Δθ H CB , caused by a change in the contact angle on the smooth surface, Δθ H , as:
Similarly, a Cassie-Baxter gain factor, G e CB , can be obtained by the Cassie-Baxter equation as:
Since 1 -f 2 ≤ 1, G e CB ≤ 1. According to McHale, the Cassie-Baxter gain factor, G e CB , is an attenuation of any contact angle hysteresis, whilst hysteresis increases on a Wenzel-type surface. As a numerical example, if a water droplet is deposited on a rough nylon surface having θ e = 68°, Δθ H = 150° and r = 3, the apparent contact angle, θr W , will be ~ 0° and thus the contact angle hysteresis on this Wenzel surface, Δθ H W , will be greater than 150°, i.e., the droplet will be adsorbed onto the rough structure and will not be able to roll off such a hydrophilic rough surface. However, if a water droplet is deposited on a poly(tetrafluoroethylene) (PTFE) having θe = 120°, Δθ H = 80° and f 2 = 0.74, the apparent contact angle, θ r CB , will be 150° and the contact angle hysteresis, Δθ H CB , on this C−B surface will be less than 80°, i.e. the surface will become superhydrophobic and liquid droplets will readily roll off at a certain roll-off angle. In the case of dodecane, whose θ e < 90° and θ r CB > 90°, the situation is less favorable, and equations (16) and (17) cannot be used to predict of dodecane since the sine curve has a bilateral symmetry with respect to 90°. Hence, equations (16) and (17) have to be modified for a metastable CB surface as:
Hence, if there is a surface having surface properties as shown in Table 2 , can be predicted by equations (12), (16), and (18).
The predicted values of are 15° and 10° for 50 µL and 100 µL water droplets, and 45° and 26° for 50 µL and 100 µL dodecane droplets, respectively. If liquids having different LV are deposited on a solid surface, the roll-off angles of the liquids are strongly influenced by the mass and the surface energy of each liquid.
Again, the wettability of a solid surface is determined by two parameters: the chemical composition and the geometrical structure of a rough surface. Fig. 4 . where XH is -OH, -SH, -NH-, and -NH 2 , etc. Use of microwave radiation in this process greatly enhances the reaction rate of the covalent attachment of silanes to the reactive substrates, as does the presence of acid or base. Since treatment at low pH is avoided for the treatment of cotton and other cellulose derivatives due to the instability of the -acetal bonds in acidic solutions, this reaction was processed using neutral and basic solutions. Fig. 4 . Reaction mechanism of FS condensation onto a surface Again, we chemically grafted FS onto a NyCo surface to reduce the surface tension of NyCo and to make the surface less oleophilic. In order to obtain the Young contact angles for water and dodecane, nylon 6,6 film was treated with FS. The Young contact angles of water on a FS-grafted nylon film were 109º -112º, whilst the Young contact angles for water on an unmodified nylon surface were 70º -73º. Grafting FS to a nylon film also increased dodecane contact angles. The Young contact angles for dodecane on a FS-grafted nylon film were 73º -75º, whilst the Young contact angle for dodecane on an unmodified nylon surface was < 5º. The measured values of θ e-water and θ e-dodecane on FS-treated nylon are critical parameters to consider when designing superoleophobic surfaces using the Wenzel and Cassie-Baxter models. FS-grafting onto a nylon film successfully generated a surface having a low surface energy, as shown in Fig. 5 . 
Geometrical modifications
The wetting behavior of a solid surface is also controlled by the geometrical structure of a surface as mentioned in the beginning of this chapter. In this section, we study how to model and modify a rough surface to make the surface highly hydrophobic and oleophobic using plain woven, woven twill, and 3/1 satin woven constructions.
Superhydrophobic oleophobic plain woven structure
To obtain the true surface area we use a flux integral. Fig. 6 shows a cross-sectional view of a model of a NyCo plain woven fabric made of monofilament fibres. The distance from the centre of a weft (or warp) yarn to the centre of an adjacent weft (or warp) yarn is 4R; and the distance from the centre of a weft (or warp) yarn to the centre of an adjacent warp (or weft) yarn is 2R. Hence, according to the Pythagorean Theorem, the vector from the centre of one weft yarn to the centre of an adjacent weft yarn makes a 30° angle to the plane of the fabric. 
where R is the radius of yarn; A is the area; i, j and k are the vectors to x, y, and z axis direction, respectively; u and v are the notations for the variables of integration. Then, we determine the true fabric surface area as follows:
where A true fabric is the intrinsic area of the unit fabric determined by the area of yarn surfaces. The apparent surface area is equal to the area of a plane tangent to the top surface.
where A apparent fabric is the apparent area of the unit fabric shown in Fig. 6 . Finally, the roughness, r, is:
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As shown in equation (25) the plain woven rough surface has high enough r to achieve a metastable CB surface. Next, we look at a plain woven fabric made with multi-filament yarns. Clearly, a multifilament yarn will have even higher values of r, because the space between the fibres will increase the true surface area whilst the apparent surface area remains the same. In this case, equation (23) (26) where N is the number of filament fibres, R y is the radius of the yarn, and R f is the radius of the filament fibres. Substituting equation (26) into equation (25) Substituting these values into equation (27) gives r > 11. Since r > 11 for the multi-filament fabric, we again expect that the surface is adequately rough and that the roughness is composed of the appropriate geometrical structures so as to be superhydrophobic. Now, we model a Cassie-Baxter (CB) plain woven fabric. In Fig. 6 , the centre-to-centre distance is 23 R and the contact angle on a CB NyCo surface, θ r CB , is defined as:
based on equation (11). Substituting Young contact angles into equation (28) along with the measured contact angles from the flat nylon film provides θ r CB . In addition, if the fabric consists of multi-filament yarns whose D f ~ R f , as shown in Fig 7, where R f is the fibre radius and 2D f is the distance between two adjacent fibres, the contact angle on CB multi-filament yarn, θ r multi-filament , is defined as: For θ e > 90°, θ r CB increases with increasing D. For example, if a fabric material is made of PTFE, (θ e = 120°) and the fibres are closely packed, θ r CB = 131°; for D = R, θ r CB = 146°; and for D = 2R, θ r CB = 152° on the multi-filament yarn. As mentioned above, 109º ≤ θ e (water) ≤ 112º and 73º ≤ θ e (dodecane) ≤ 75º on a surface grafted with FS. By substituting these numbers into equation (28), we find 133° ≤ θ r CB (water) ≤ 136° and 98° ≤ θ r CB (dodecane) ≤ 100° for the FS-grafted mono-filament plain woven fabric. In the same manner, substituting the same θ e into equation (29), we obtain 142° ≤ θ r multi-filament (water) ≤ 144° and 114° ≤ θ r multi-filament (dodecane) ≤ 115° for the FS-grafted multi-filament yarns. Using these values as the effective contact angles for the yarns in the plain woven structure and re-solving equation (28), i.e., substituting these values into θ e (water) and θ e (dodecane) in equation (28), we predict 161° ≤ θ r CB (water) ≤ 163° and 138° ≤ θ r CB (dodecane) ≤ 139° for the FS-grafted multi-filament plain woven fabric. According to our prediction, properly constructed NyCo multi-filament plain woven fabric can be www.intechopen.com Superhydrophobic Superoleophobic Woven Fabrics 189 superhydrophobic and highly oleophobic once the fabric is treated with a low-surfacetension material such as FS. Fig. 8 shows a cross-sectional view of a model of a NyCo twill woven fabric made of monofilament fibres. Flux integral can be used to obtain true area of twill woven fabric as well. The area of one yarn in the unit fabric is: The area of one yarn in the unit fabric is applied to both weft and warp yarns, and a twill fabric in Fig. 8 consists of four yarns in the unit area. Therefore, the true fabric area is:
Superhydrophobic oleophobic twill woven structure
where A apparent fabric is the apparent area of the unit fabric. Based on equation (10), the roughness, r, is 5.59. If this twill woven fabric is made of yarns having multi-filament fibres as shown in Fig 7 , the fabric will have even higher values of roughness and r > 5.59, since the space between the fibres will increase the intrinsic surface area whilst the apparent surface area remains the same. Therefore, the twill woven rough surface has high enough r to exist as a metastable Cassie-Baxter surface regardless of the structure of yarns. Now, we model a Cassie-Baxter twill woven fabric. In Fig. 8 , the centre-to-centre distance is  (2 3 1)R . Thus, a Cassie-Baxter NyCo surface is defined as: 
Substituting the same Young contact angles, 109º ≤ θ e (water) ≤ 112º and 73º ≤ θ e (dodecane) ≤ 75º, into equation (29), we obtain 142° ≤ θ r multi-filament (water) ≤ 144° and 114° ≤ θ r multi-filament www.intechopen.com
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(dodecane) ≤ 115° for the FS-grafted multi-filament yarns. Using these values as the effective contact angles for the yarns in the twill woven structure and re-solving equation (33), i.e., substituting these values into θ e (water) and θ e (dodecane) in equation (33), we predict 150° ≤ θ r CB (water) ≤ 152° and 118° ≤ θ r CB (dodecane) ≤ 119° for the FS-grafted multi-filament twill woven fabric. According to our prediction, properly constructed NyCo multi-filament twill woven fabric can also be superhydrophobic and highly oleophobic once the fabric is treated with a low-surface-tension material such as FS. Fig. 9 shows a cross-sectional view of a model of a NyCo 3/1 stain woven fabric made from monofilament fibres. The surface area of a single round monofilament fibre in the unit fabric can be calculated using flux integral in order to obtain r as shown above. 
Superhydrophobic oleophobic satin woven structure
The area of one yarn in the unit fabric is applied to both weft and warp yarns, and the satin fabric in Fig. 9 consists of six yarns in the unit area. Therefore, the true fabric area is:
where A apparent fabric is the apparent area of the unit fabric. Based on equation (10), the roughness, r, is 5.92. If this satin woven fabric is made of yarns having multi-filament fibres as shown in Fig 9 , the fabric will have even higher values of roughness and r > 5.92, since the space between the fibres will increase the intrinsic surface area whilst the apparent surface area remains the same. Therefore, the stain woven rough surface has high enough r to exist as a metastable Cassie-Baxter surface regardless of the structure of yarns. Now, we model a Cassie-Baxter 3/1 satin woven fabric. In Fig. 9 , the centre-to-centre distance is  (2 3 1)R . Thus, a Cassie-Baxter NyCo surface is defined as:
Again, substituting the same Young contact angles above, 109º ≤ θ e (water) ≤ 112º and 73º ≤ θ e (dodecane) ≤ 75º, into equation (29), we obtain 142° ≤ θ r multi-filament (water) ≤ 144° and 114° ≤ θ r multi-filament (dodecane) ≤ 115° for the FS-grafted multi-filament yarns. Using these values as the effective contact angles for the yarns in the 3/1 satin woven structure and re-solving equation (37), we predict 149° ≤ θ r CB (water) ≤ 151° and 117° ≤ θ r CB (dodecane) ≤ 118° for the FS-grafted multi-filament 3/1 stain woven fabric. According to our prediction, properly constructed NyCo multi-filament satin woven fabric can also be superhydrophobic and highly oleophobic once the fabric is treated with a low-surface-tension material such as FS. NyCo multi-filament woven fabric can be superhydrophobic but cannot be superoleophobic by itself, even if the fabric is treated with a low-surface-tension chemical. In order to achieve superoleophobicity as well as superhydrophobicity, the fabric morphology has to be manipulated by creating bigger spaces between fibres, loosening the fabric structure, or providing more roughness to the surface of NyCo multi-filament fibres. Considering the manufacturing process of woven fabrics, providing more roughness by adding protuberances to the surface of NyCo fibres seems the easiest way to achieve superhydrophobicity and superoleophobicity. Fig. 10 shows a NyCo surface covered with protuberances in micro and nano size FS. In the next section, we study how to create such a multi-scale roughness on the NyCo surface to prepare a metastable CB superhydrophobic and superoleophobic woven fabric. 
Superhydrophobic superoleophobic woven fabric
By using FS in conjunction with corrugated, rough surfaces, FS can build multi-scale roughness having low surface energy. Indeed, the previous research presented that the use of condensed silanes increases micro and nano structure corrugation and results in increased hydrophobicity and oleophobicity of so-treated cotton. A superhydrophobic and superoleophobic NyCo woven fabric can be developed in the same manner by covalently binding silanes onto the NyCo surface. Although any soluble base can be an efficient catalyst, we use ammonium hydroxide as a base catalyst to accelerate the displacement of the methoxy or ethoxy substituent, and to facilitate the formation of the corrugated micro and nano-structure (Fig. 11) . Since FS-treated NyCo without catalytic base has a relatively smooth surface whilst NyCo treated with FS in the presence of 1% catalytic base has multi-scale roughness on the surface, the X-ray photoelectron spectroscopy (XPS) of both FS treated NyCo with and without base catalyst was measured and compared with the XPS of untreated NyCo. Table 3 By changing FS concentration, curing time, and the number of cures, we can control the morphology of FS protuberances on the NyCo surface and eventually prepare superhydrophobic and superoleophobic woven fabric (Fig. 12) . The FS-treated NyCo plain woven fabric shown in Fig. 12 is superhydrophobic and superoleophobic. The fabric prevents the absorption of not only water but also dodecane with almost no change of contact angles. The FS concentration, curing time, and the number of cures absolutely affect the wetting behaviour of FS-treated NyCo woven fabric. This indicates that oil contact angles can be greatly improved by varying such parameters. We suggest that improving the macro-scale geometric morphology of the woven fabric, such as controlling the fibre spacing, manipulating the yarn structure, and choosing the proper woven construction are also necessary to design and prepare superhydrophobic and superoleophobic fabrics.
Conclusion
In this chapter, we studied how to create superhydrophobic and superoleophobic woven fabric. A superhydrophobic superoleophobic surface is obtained by two criteria: a low surface tension and a properly designed rough surface having appropriate surface roughness and morphology. In order to make woven fabric superhydrophobic and superoleophobic, NyCo multi-filament plain woven fabric was treated with FS which has a very low surface tension and provides more roughness to the fabric by generating micro and nano-size protuberances in the form of FS condensates on the fibre surfaces. From the Young contact angles of water and dodecane on a FS-grafted nylon film, we could predict the apparent contact angles on FS-grafted NyCo multi-filament plain, twill, and 3/1 satin woven fabrics. Forming multi-scale geometric structure on the NyCo was also important to improve hydrophobicity and oleophobicity of the fabric, and consequently this treatment resulted in a highly hydrophobic and oleophobic woven fabric material. Finally, superhydrophobic superoleophobic plain woven fabric has been prepared using the Wenzel and the Cassie-Baxter equations. Although superoleophobicity is achieved via the metastable Cassie-Baxter model, the fabric can prevent the absorption of oil as well as water with almost no change of contact angles.
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